Molecular Biology of the Cell
Vol. 13, 2323-2333, July 2002

Structural Determinants of Ras-Raf Interaction

Analyzed in Live Cells

Tzvetanka Bondeva,” Andras Balla, Péter Varnai, and Tamas Balla*

Endocrinology and Reproduction Research Branch, National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, Maryland 20892-4510

Submitted January 11, 2002; Revised March 18, 2002; Accepted April 5, 2002

Monitoring Editor: Jennifer Lippincott-Schwartz

The minimum structure of the Raf-1 serine/threonine kinase that recognizes active Ras was used
to create a green fluorescent fusion protein (GFP) for monitoring Ras activation in live cells. In
spite of its ability to bind activated Ras in vitro, the Ras binding domain (RBD) of Raf-1
(Raf-1[51-131]GFP) failed to detect Ras in Ras-transformed NIH 3T3 fibroblasts and required the
addition of the cysteine-rich domain (CRD) (Raf-1[51-220]GFP) to show clear localization to
plasma membrane ruffles. In normal NIH 3T3 cells, (Raf-1[51-220]GFP) showed minimal mem-
brane localization that was enhanced after stimulation with platelet-derived growth factor or
phorbol-12-myristate-13-acetate. Mutations within either the RBD (R89L) or CRD (C168S) dis-
rupted the membrane localization of (Raf-1[51-220]GFP), suggesting that both domains contribute
to the recruitment of the fusion protein to Ras at the plasma membrane. The abilities of the various
constructs to localize to the plasma membrane closely correlated with their inhibitory effects on
mitogen-activated protein kinase kinasel and mitogen-activated protein kinase activation. Mem-
brane localization of full-length Raf-1-GFP was less prominent than that of (Raf-1[51-220]GFP) in
spite of its strong binding to RasV12 and potent activation of mitogen-activated protein kinase.
These finding indicate that both RBD and CRD are necessary to recruit Raf-1 to active Ras at the
plasma membrane, and that these domains are not fully exposed in the Raf-1 molecule. Visual-
ization of activated Ras in live cells will help to better understand the dynamics of Ras activation

under various physiological and pathological conditions.

INTRODUCTION

Compartmentalization of cellular signals has long been rec-
ognized as an effective means to ensure signaling specificity.
Conventional techniques, whether biochemical or morpho-
logical, have been able to detect changes in redistribution of
important signaling molecules only when the underlying
process is strong enough to survive cell fractionation or
fixation procedures. However, it is more difficult to follow
labile molecular interactions with those techniques, even
though those are equally important in cell regulation. Sev-
eral recent studies explored the possibility of whether bio-
chemical processes can be monitored in single living cells by
fluorescent probes that specifically recognize the activated
form(s) of signaling proteins or their enzymatic products
(Teruel and Meyer, 2000). The present study was designed
to investigate whether the minimum molecular determi-
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nants of Ras recognition by the Raf-1 serine/threonine ki-
nase, the best-known downstream targets of the small GTP
binding protein Ras (Avruch et al., 1994), could be used to
visualize Ras activation in live cells by following the distri-
bution of such domain fused to the green fluorescent protein
(GFP).

Activation of Raf-1 by the GTP-bound form of Ras re-
quires its recruitment to the plasma membrane followed by
a chain of events that involve inter- and intramolecular
rearrangements as well as multiple phosphorylations (Mor-
rison and Cutler, 1997). Membrane recruitment of Raf-1 is
believed to be primarily regulated by the GDP/GTP ex-
change on Ras proteins (Stokoe ef al., 1994), although this is
probably not the sole determinant of Raf-1 membrane trans-
location. Recently, a phosphatidic acid binding motif that
affects Raf-1 distribution was identified within the Raf-1
molecule (Rizzo et al., 1999). The sequence responsible for
the interaction of Raf-1 with the GTP-bound form of Ras
(Ras binding domain, RBD) has been narrowed to residues
51-131 within the N-terminal regulatory domain of the Raf-1
molecule (Vojtek ef al., 1993; Nassar et al., 1995). This domain
has been successfully used to “pull down” activated Ras
from cell lysates of various cell types (see Gorman et al., 1996
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for a detailed discussion). However, several lines of evi-
dence suggest that the adjacent cysteine-rich domain (CRD)
of Raf-1 (residues 139-184) is also important for Ras-Raf
interaction and creates an additional Ras binding site (Brtva
et al., 1995; Hu et al., 1995a; Drugan et al., 1996). It is not yet
certain whether binding of the CRD motif to Ras is regulated
by GDP/GTP exchange on Ras, or through other interac-
tions either with proteins such as the 14-3-3 proteins (Freed
et al., 1994; McPherson et al., 1999) or with acidic phospho-
lipids (Mott et al., 1996; McPherson et al., 1999). It is also not
clear whether the CRD is important for the membrane lo-
calization or for the activation of Raf-1. Recently, the CRD
motif of Raf-1 was shown to interact only with the lipid-
modified form of H-Ras independent of the nucleotide-
bound state of the latter (Williams ef al., 2000). Most reports
addressing these questions have assessed molecular interac-
tions in cell-free systems using recombinant proteins or have
investigated the functional properties of expressed mutant
Ras or Raf-1 proteins to gain insight into their functionally
important motifs. Although these studies have provided
invaluable information, they could not identify the cellular
compartments where such interactions take place and
whether certain motifs participate in membrane recruitment,
activation, or both under the conditions that exist at the
intact cell membrane.

In the present study, we combine a biochemical and im-
aging approach to gain information about the structural
features of Ras-Raf interaction using live cells. We demon-
strate that the RBD of Raf-1 alone is not sufficient for plasma
membrane localization of a GFP fusion construct by acti-
vated Ras, and only together with the CRD does it provide
the binding strength for efficient membrane recruitment. We
also show that the Ras recognition motifs are not fully
exposed in the Raf-1 molecule and that factors other than
Ras may contribute to the conformational change that allows
its Ras-mediated activation.

MATERIALS AND METHODS

Reagents

Recombinant platelet-derived growth factor (PDGF) AB was pur-
chased from Life Technologies (Grand Island, NY), and phorbol-12-
myristate-13-acetate (PMA) was purchased from Sigma (St. Louis,
MO). Ionomycin and 1,2-bis(o-aminophenoxy)ethane-N;N;N;N-tet-
raacetic acid were obtained from Calbiochem (Cambridge, MA). All
other reagents were of high-performance liquid chromatography or
analytical grade.

Cell Culture and Transfections

COS-7 cells and NIH 3T3 cells were cultured in DMEM/high glu-
cose supplemented with L-Glutamine (Life Technologies) in the
presence of 10% fetal bovine serum. For biochemical analysis, cells
were cultured in 35-mm culture dishes and were transfected at
~70% confluence with the LipofectAmine 2000 reagent (Life Tech-
nologies), according to the manufacturer’s instructions. For confocal
microscopy, cells were cultured and transfected on 25 mm diameter
glass coverslips.

DNA Constructs

All DNA constructs were made by polymerase chain reaction am-
plification using the human Raf-1 sequence (Ferrier et al., 1997;
kindly provided by Drs. Zoltan Olah and Wayne B. Anderson,
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National Cancer Institute) as template, and the Pfu-turbo DNA
polymerase (Promega, Madison, WI) and primers that contained
appropriate restriction sites for cloning into the pEGFP-N1 plasmid
(CLONTECH, Palo Alto, CA). Some of the constructs (Raf[51-131]-
GFP and Raf[51-200]) were also created in the pEGFP-C1 plasmid
because proteolytic cleavage of the C-terminally GFP-tagged ver-
sions yielded some free GFP when the constructs were expressed in
NIH 3T3 cells. Mutations were made with the QuikChange Mu-
tagenesis kit from Stratagene (La Jolla, CA) and were verified with
dideoxy sequencing. The same constructs were also created as GST
fusion proteins for bacterial expression using the pGEX-6P plasmid
system and purification on gluthathione-Sepharose columns (Am-
ersham Pharmacia Biotech, Piscataway, NJ). Bacterial expression of
the EGFP-fused proteins was achieved by inserting the GFP fusion
proteins (created in the pEGFP-C1 plasmid) into the pET19b plas-
mid (Novagen, Madison, WI) and using the His, tag for purification.
For mammalian expression of GST-fused RBDs, a GST-C1 plasmid
was created by inserting the GST sequence in place of that of EGFP
between the Nhel and Pstl sites in the pEGFP-C1 plasmid. This
plasmid was then used to create the constructs as described above
for the GFP fusion proteins.

Confocal Microscopy

Twenty-four hours after transfection, cells were serum-deprived for
8-12 h and washed twice with a modified Krebs-Ringer buffer,
containing (in millimoles): NaCl 120, KCl 4.7, CaCl, 1.2, MgSO, 0.7,
glucose 10, and Na-HEPES 10, pH 7.4, before analysis. The cover-
slips containing the cells were placed into a chamber that was
mounted on a heated stage with the medium temperature kept at
33°C. Cells were examined in an inverted microscope under a x40
oil-immersion objective (Nikon, Melville, NY) and a laser confocal
microscope system (MRC-1024) with the Lasersharp acquisition
software (Bio-Rad, Hercules, CA) as previously described (Varnai
and Balla, 1998). When mitochondria were also imaged, cells were
preincubated with 250 nM MitoTracker (Molecular Probes, Eugene,
OR) and were simultaneously excited with 488 and 568 nm laser
lines.

Extracellular Signal-Regulated Kinase (ERK) 2
Activity Assay

COS-7 cells were transiently cotransfected with the appropriate
Raf-1-GFP construct and hemagglutinin (HA)-tagged mitogen-acti-
vated protein kinase (MAPK; Erk2; Bondeva et al., 1998). Twenty-
four hours post-transfection, cells were serum deprived for 6 h and
then lysed on ice in a buffer containing 20 mM HEPES, pH 7.5, 10
mM EGTA, 2.5 mM MgCl,, 1% NP-40, 1 mM Na;VO,, 40 mM
B-glycerophosphate, 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, 20 ug/ml aprotinin, and 20 ug/ml leupeptin. Lysates
were cleared by centrifugation at 20,000 X g for 25 min at 4°C. The
supernatant was incubated with 1.5 ug of anti-HA monoclonal
anitbody (BabCo, Richmond, CA) for 2 h. The immunocomplexes
were recovered using 20 ul of protein G-plus Sepharose beads
(Calbiochem) followed by an additional incubation of 2 h at 4°C.
Immunoprecipitates were washed twice with phosphate-buffered
saline, pH 7.5, containing 0.1% NP-40 and 1 mM Na;VO,, once with
100 mM Tris-HCI, pH 7.5, and 0.1 M LiCl, and once with kinase
reaction buffer, which consisted of 12.5 mM 3-(N-morpholino)pro-
panesulfonic acid, pH 7.5, 12.5 mM B-glycerophosphate, 7.5 mM
MgCl,, 0.5 mM EGTA, 0.5 mM NaF, and 1 mM Na;VO,. Finally,
beads were resuspended in 30 ul of kinase reaction buffer contain-
ing 1 uCi [y-?P]JATP, 20 uM ATP, 3.3 uM dithiothreitol, and 1.5
mg/ml myelin basic protein (MBP), and incubated at 30°C for 30
min. Reactions were terminated by the addition of 10 ul 5X SDS
sample buffer. After denaturation, samples were separated on
8-16% gradient Tris-glycine SDS gels. The phosphorylated MBP
was detected and quantitated after exposure of the dried gels on a
Phosphorlmager screen (Molecular Dynamics, Sunnyvale, CA).
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Visualization of Ras Activation in Live Cells
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Figure 1. Domain-structure of the Raf-1 serine/threonine kinase (A) and cellular distribution of various Raf-1-GFP fusion proteins in
Ras-transformed and normal NIH 3T3 fibroblasts (B). (A) The N-terminal conserved region (CR1) contains two domains, the RBD and the
CRD, both of which have been implicated in the interaction and activation of Raf-1 by the small GTP binding protein, Ras. CR2 is a
serine/threonine-rich region that contains several (but not all) regulatory phosphorylation sites. CR3 is the catalytic domain of the kinase.
(B) Confocal images show the distribution of various Raf-1 constructs containing the Ras-interaction domains of Raf-1 fused to GFP as

expressed in Ras-transformed (a-e) or normal (f-j) NIH 3T3 cells.

Mitogen-Activated Protein Kinase Kinase (MEK1)-
Coupled Assay

Transfection and immunoprecipitation was performed as described
above for the MAPK assay except that HA-tagged MEK1 (Bondeva
et al., 1998) was used for transfection instead of the HA-ERK2.
MEKT1 activity was assayed using the same assay conditions de-
scribed above, but the reaction buffer was complemented with 50 ng
of recombinant MAPK (Calbiochem). In the coupled assay, recom-
binant MAPK phosphorylated by the immunoprecipitated MEK1
was able to phosphorylate MBP as a substrate.

Ras/Raf Interactions

COS-7 cells were cotransfected with RasV12 (Rodriguez-Viciana et
al., 1997) and the different Raf-1-GFP constructs. Cells were lysed
after 6 h of serum deprivation in a lysis buffer (see above), but
containing 5 mM MgCl,. Ras was immunoprecipitated from the
lysates using an anti-pan-Ras monoclonal antibody (Oncogene,
Cambridge, MA), and the immunocomplexes were washed as de-
scribed above. Proteins were separated by SDS-PAGE and were
transferred onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA) using a semidry transfer system (Bio-Rad) as de-
scribed elsewhere (Bondeva et al., 1998). Membranes were probed
with an affinity-purified anti-GFP polyclonal antibody (CLON-
TECH) for detection of the presence of the GFP-tagged Raf-1 fusion
proteins or the anti-GST polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) when using the GST-fused forms.

The ability of recombinant GST- and GFP-fused RBDs of Raf-1 to
interact with Ras in vitro was determined by incubating ~5 ug of
the purified bacterially expressed proteins (still attached to Sepha-
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rose beads) with cell lysates (equivalent of one-fifth of cells 80%
confluent on a 10-cm culture dish) prepared from serum-deprived
COS-7 cells that were either unstimulated or stimulated with epi-
dermal growth factor (EGF; 100 ng/ml for 10 min) or transfected
with RasV12. After incubation at 4°C for 90 min, the beads were
separated from the rest of the lysate by centrifugation through a
mixture of dimethyl-phtalate and bis(3,5,5-trimethyl-hexyl)phtalate
(1:4, density, 1.0148 g/ml, 400 wl) into 40 ul of Laemmli buffer
layered under the oil. This procedure allowed the capture of the
complex at equilibrium without loosing proteins due to rapid dis-
sociation upon washing (Gorman et al., 1996).

RESULTS

Localization of the RBD-GFP Fusion Proteins in
NIH 3T3 cells

Although the interaction of Ras with the regulatory domain
of Raf-1 has been studied in great detail, little is known
about how the different elements that determine Ras-Raf-1
interactions contribute to the membrane recruitment of the
latter within intact cells. Therefore, we created fusion pro-
teins from the RBD of Raf-1 (Figure 1A) fused to GFP and
compared the distribution of the expressed proteins in nor-
mal and Ras-transformed NIH 3T3 cells. First, we fused
residues 51-131 of Raf-1 to GFP (Raf[51-131]GFP) and ex-
pressed the chimeric protein in H-Ras-transformed NIH 3T3
cells for analysis of the cellular fluorescence by confocal
microscopy. Expression of the Raf(51-131)GFP construct
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yielded mostly cytosolic fluorescence with only a slight hint
of membrane localization in some of the cells with low
expression levels (Figure 1B, a). This finding was unex-
pected because this domain is believed to play a critical role
in the membrane recruitment of Raf-1 by active Ras (Morri-
son and Cutler, 1997). Only when the construct was ex-
tended so that it also contained the CRD domain (Raf[51-
200]GFP) was the fusion protein detected in the plasma
membrane of Ras-transformed (but not in normal quiescent)
NIH 3T3 cells (Figure 1B, b and g). Importantly, localization
was observed only in cells that expressed the fusion protein
at low levels, not in those showing moderate to high fluo-
rescence, suggesting that the limited Ras binding sites be-
come saturated even at moderate expression levels of the
probes.

Further extension of the construct toward the C terminus
(Raf[51-220]) appeared to improve membrane localization in
the Ras-transformed fibroblast. However, this improvement
was not dramatic and was difficult to measure in quantita-
tive terms. This fusion protein again showed a difference in
its membrane localization between the Ras-transformed vs.
normal NIH 3T3 cells (Figure 1B, d and i). In contrast,
addition of residues 1-51 of Raf-1 to the GFP construct
(Raf[1-200]) greatly reduced the number of cells that
showed expression, and the fusion protein showed no mem-
brane localization (Figure 1B, ¢ and h). This was consistent
with the reported inhibitory nature of the N-terminal part of
the Raf-1 protein on Ras-Raf interaction and the apparent
instability of such construct (Gorman et al., 1996). It is also
possible that cells do not tolerate the expression of this
protein and have been mostly eliminated.

When the full-length Raf-1 protein was fused to GFP, it
was completely excluded from the nucleus, unlike the
above-mentioned smaller fusion proteins. However, less
prominent membrane localization was observed with this
full-length protein in the Ras-transformed fibroblasts. First,
fewer cells showed localization, and most of these had a
weaker plasma membrane labeling than those expressing
the shorter constructs (Figure 1B, e and j). This latter finding
suggested that the RBD and CRD is not fully exposed in the
full Raf protein and probably require intramolecular rear-
rangements (and dissociation of some interactive proteins)
for full access to active Ras. This aspect of Raf-1 regulation
was not further pursued in detail in the present study.

GFP-Fused Raf-1 Constructs Recognize Active Ras
In Vitro

The inability of the RBD to localize to activated Ras in
Ras-transformed NIH 3T3 cells was in contrast to the well-
documented ability of this motif to recognize GTP-bound
Ras in vitro. Therefore, the same GFP fusion constructs have
been created for bacterial expression to compare their in
vitro Ras-binding activity with their widely used GST-fused
counterparts. The GFP-fused proteins were purified via a
His, tag placed at the N terminus of GFP. As shown in
Figure 2, GFP-fused Raf(51-131) was clearly able to “pull
down” active Ras from COS-7 cell lysates, but Raf(51-200)
was more efficient in this regard. There was no major dif-
ference between the abilities of the domains to recognize Ras
whether fused to GFP or GST. These data indicate that the
lack of localization of the GFP-fused RBD to active Ras
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Figure 2. Interaction of recombinant GFP- and GST-fused RBDs of
Raf-1 with activated Ras in vitro. Bacterially expressed and purified
GFP- and GST-fused Raf(51-131) and Raf(51-200) domains were
incubated with cell lysates prepared from COS-7 cells that were
rendered quiescent, stimulated with EGF (100 ng/ml 10 min), or
were transfected with RasV12. Ras associated with the recombinant
domains was analyzed with Western blotting using an anti-pan-Ras
antibody (see “Materials and Methods” for details). (A) The amount
of Ras in the cell lysates. (B and C) Ras associated with the Raf(51-
131) and Raf(51-200) constructs, respectively. In each case, the
amounts of recombinant proteins present on the blots are shown
after amido-black staining.

within the intact NIH 3T3 cell is not due to the inability of
this fusion protein to recognize Ras.

Interaction of Raf-1-GFP Constructs with RasV12
in COS-7 Cells

To substantiate that the membrane localization of the vari-
ous Raf-1-GFP fusion proteins was due to their interaction

Molecular Biology of the Cell
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Figure 3. Interaction of various Raf-1-GFP fusion proteins with
RasV12 coexpressed in COS-7 cells. COS-7 cells were transfected
with plasmid DNAs encoding RasV12 and the respective Raf-1-GFP
fusion constructs or GFP for 24 h. After 6 h of serum deprivation,
cells were lysed and Ras was immunoprecipitated with an anti-pan-
Ras antibody, followed by Western blotting for detection of the
presence of GFP. The right panel shows the presence of the ex-
pressed proteins in the whole-cell lysates, and the left panel shows
proteins that were associated with Ras. Representative data are
shown from three similar observations.

with activated Ras and not with other membrane compo-
nents, we investigated the ability of these proteins to form
stable complex with RasV12. For this, we used COS-7 cells
that were transfected with H-RasV12 together with the re-
spective Raf-1-GFP fusion construct, and we immunopre-
cipitated Ras from the cell lysates to detect the associated
GEFP fusion protein. As shown in Figure 3, a clear interaction
of RasV12 was observed with Raf(51-200)GFP, Raf(51-
220)GFP, and the full-length Raf-1-GFP molecule. The inter-
action of RasV12 with Raf(51-131)GFP was poorly detectable
with this procedure, partially because of the close migration
of Raf(51-131)GFP with one of the nonspecific bands stained
by the GFP antibody. Nevertheless, an interaction similarly
strong as observed with Raf(51-200)GFP would still be de-
tectable with this method and, therefore, we concluded that
the binding of Raf(51-131) to RasV12 is significantly weaker
than that of Raf(51-200). To confirm that this was not due to
the presence of GFP in the fusion protein, similar experi-
ments were performed with GST-fused proteins expressed
in COS-7 cells. These experiments also confirmed that asso-
ciation of GST-Raf(51-131) with immunoprecipitated

Vol. 13, July 2002

Visualization of Ras Activation in Live Cells

v o
A PS4  fss
@< - &
GFP Raf (51-131)-GFP

Kinase assay
32p-.MBP —=

Whole cell lysate
WB: anti-HA

p

o Vv
¢ ;& P fss
-& T @ - & T @
Raf (51-220)-GFP Fiaﬂ.AGFP

Kinase assay

32P-MBP —=  — -
Whole cell lysate
WB: anti-HA o . o | e———

Figure 4. Stimulation of ERK2 activity by RasV12, PMA, or EGF in
COS-7 cells expressing various Raf-1-GFP fusion proteins. COS-7
cells were transfected with plasmid DNAs encoding HA-epitope-
tagged ERK2 and GFP only (A), Raf(51-131)GFP (B), Raf(51-220)GFP
(C), or Raf-1-GFP (D) with or without RasV12. One day post-
transfection and after 6 h of serum deprivation, cells were stimu-
lated with PMA (200 nM) for 15 min or with EGF (100 ng/ml) for 5
min. HA-ERK2 was then immunoprecipitated from the cell lysates
and its activity was measured using [y-*’P]JATP and MBP as sub-
strate. Similar observations were obtained in two additional exper-
iments.

RasV12, although detectable, was very weak compared with
GST-Raf(51-200) (our unpublished observations). However,
it should be emphasized that these data are not inconsistent
with the reported ability of RBD to bind Ras-GTP (see also
above). A less stable interaction with rapid dissociation,
such as that of RBD with Ras (Gorman et al., 1996), would
not be detected with the washing procedure during the
immunoprecipitation experiment.

Expressed Raf-1-GFP Fusion Proteins Inhibit Ras/
Raf-Mediated ERK Activation

Interaction of the constructs with activated Ras at the plasma
membrane is expected to exert an inhibitory effect on Ras-
Raf-1-mediated signaling processes. To investigate such
dominant-negative effects of the constructs, COS-7 cells
were cotransfected with HA-ERK2 and GFP (Figure 4A) or
the corresponding Raf-1-GFP fusion constructs (Figure 4,
B-D), and they were stimulated with PMA, EGF, or RasV12
overexpression or were left untreated. This way, the effects
of the various stimuli on ERK2 activity were compared for
each expressed GFP construct separately. The results clearly
demonstrated that the stronger the binding of a construct to
active Ras, the more effective is its inhibitory effect on ERK2.
For example, expression of Raf(51-220)GFP or Raf(51-
200)GFP (our unpublished observations) showed significant
inhibitory effects on ERK2 activation regardless of the stim-
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uli applied (Figure 4C), but Raf(51-131)GFP expression
failed to inhibit the ERK2 response to either EGF or PMA.
However, even this latter construct had a 50% inhibitory
effect on ERK2 activity when RasV12 was used as a stimulus
(Figure 4, A and B). The expression levels of the Raf-1-GFP
fusion proteins were comparable in these experiments, ex-
cept for the full-length Raf-1-GFP, which was expressed at a
reduced level (see Figure 3 as an example). Full-length Raf-
1-GFP strongly stimulated ERK2 activation, indicating that
the GFP-tagged Raf-1 was active in spite of the presence of
the GFP molecule on its C terminus (Figure 4D). Similar
results were obtained when MEK1 activity was assayed in a
MEKI1-ERK-coupled assay as described in “Materials and
Methods” (our unpublished observations). Moreover, ex-
pression of the constructs had clearly detectable inhibitory
effects on the activation of endogenous ERK2 in COS-7 cells
as assessed by using a phospho-ERK2 antibody on total cell
lysates (our unpublished observations).

For a better comparison, in a second set of experiments,
ERK2 activation was tested for each of the stimuli in cells
expressing the different GFP constructs. For example, the
effect of RasV12 overexpression on ERK2 activity was dif-
ferent in the presence of the various GFP fusion proteins and
could be plotted as percentage of the control response ob-
served in the presence of GFP alone (Figure 5A). The effects
of expression of the various constructs were then plotted
similarly for the ERK2 responses to PMA and EGF treatment
(Figure 5, B and C) or to the activated endogenous Ras in
Ras-transformed NIH 3T3 cells (Figure 5D). When the re-
sults were presented in this way, the inhibitory effects of the
Raf(51-200)GFP and Raf1(51-220)GFP constructs were even
more obvious on the ERK2 responses regardless of the stim-
uli used. In contrast, Raf(51-131)GFP was inhibitory (~50%
inhibition) in experiments where RasV12 was overexpressed
in COS-7 cells, but had no effects in PMA- or EGF-treated
cells or in Ras-transformed fibroblasts (Figure 5). These re-
sults raised the possibility that when active Ras is acutely
overexpressed, it may use mechanism(s) other than those
that function in Ras-transformed fibroblasts for ERK2 acti-
vation. Interestingly, expression of full-length Raf-1-GFP
was significantly more potent in activating ERK2 in Ras-trans-
formed NIH 3T3 cells than any of the stimuli including ex-
pressed RasV12 in COS-7 cells (Figure 5), suggesting that Ras-
transformed NIH 3T3 cells perhaps possess additional factors
in their membranes that sensitize Raf-1 activation by Ras.

Together, these results indicate that the signaling function
of endogenous Ras can be effectively inhibited by some of
the GFP-Raf-1 constructs, but only by those that are re-
cruited to the plasma membrane, supporting the conclusion
that they visualize active Ras in the membranes.

RBD and CRD Are Equally Important in Membrane
Localization

To determine the relative importance of RBD and CRD in the
membrane localization of Raf(51-220)GFP, we created mu-
tants within this construct that are known to inhibit the
activation of Raf-1 by Ras. It has been reported that the R89L
mutation within the RBD and the C168S substitution within
the CRD completely eliminate Raf-1 activation (Fabian et al.,
1993; Luo et al., 1997). When the cellular distribution of such
mutant Raf(51-220)GFP proteins was examined, both muta-
tions eliminated the plasma membrane localization of the
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fusion protein in Ras-transformed NIH 3T3 cells (Figure 6A).
Similarly, both mutants failed to inhibit EGF-stimulated or
RasV12-stimulated (our unpublished observations) ERK2
activation when used as a dominant-negative inhibitor in
COS-7 cells (Figure 6B).

Localization of Active Ras in Membrane Ruffles

As mentioned above, the distribution of Raf(51-220)GFP in
cells expressing the protein at low levels allowed analysis of
the cellular sites where active Ras is found. In Ras-trans-
formed NIH 3T3 cells, most of the Raf(51-220)GFP fluores-
cence (but not that of Raf[51-131]GFP) was associated with
membranes in colocalization with Ras (Figure 7A), and was
especially enriched in membrane ruffles (Figure 7B, a). How-
ever, some fluorescence was also associated with intracellu-
lar structures (Figure 7B, b). Because Raf-1 has been shown
to associate with mitochondria (Wang et al., 1996), we exam-
ined whether those intracellular structures represent the
mitochondria. However, the mitochondrial marker Mito-
Tracker clearly indicated that the Raf(51-220)GFP protein
did not localize to the mitochondria (Figure 7, B and C).
Another question of interest was whether the fluorescent
probes would detect unprocessed Ras located in intracellu-
lar membranes. It has been recently shown that during its
synthesis and processing, Ras is present in intracellular
membranes, most prominently in the Golgi, when overex-
pressed in COS-7 cells (Choy et al., 1999). Therefore, we also
examined the distribution of the fluorescent probes in COS-7
cells overexpressing RasV12. As shown in Figure 8A, GFP-
Raf(51-131) showed no localization to any membranes in these
live cells, and Raf(51-220)GFP again localized to membrane
ruffles, but was not detected over the Golgi (Figure 8A)!.

Monitoring Ras Activation in Normal
NIH 3T3 Cells

To follow Ras activation in normal NIH 3T3 cells, we used
cells that were transfected with the Raf(51-220)GFP con-
struct and rendered quiescent by serum-free incubation for
5-12 h. Because the amount of Ras in these cells is expected
to be less than in Ras-transformed fibroblasts, we choose
cells that expressed low levels of the GFP fusion protein so
that the redistribution of a small amount of fluorescent
protein could still be observed. In most cells, a variable
amount of signal was already present at the plasma mem-
brane. After stimulation with PDGF (50 ng/ml), the inten-
sity of membrane-associated fluorescence was increased
(Figure 8A), indicating the activation of Ras in the mem-
brane. Similar changes were observed after stimulation with
PMA (200 nM, not shown). These changes in the amounts of
membrane-associated fluorescence were relatively small,
and many cells (~50%) showed no detectable response to
stimulation. Also, the translocated Raf(51-220)GFP protein

1 In contrast to live cells, localization of both GFP-Raf(51-131) and
Raf(51-220)GFP to the plasma membrane and to Golgi-like intracel-
lular membranes in apparent colocalization with Ras is observed in
fixed COS-7 cells immunostained with an anti-Ras antibody. In
Ras-transformed NIH 3T3 cells, the GFP constructs showed identi-
cal distribution in live cells and in fixed and immunostained cells.
The reason for this discrepancy between live vs. fixed COS-7 cells is
currently under investigation.
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Figure 5. Differential ability of Raf-1-GFP fusion ol
proteins to inhibit ERK2 activation in response to X
different stimuli in COS-7 cells and Ras-transformed E 0

NIH 3T3 cells. In this series of experiments, the
ERK2 responses to the various stimuli (expressed as
100%) were compared between cells transfected
with GFP or the various Raf-1-GFP protein con-
structs. For experimental details see the legend to
Figure 3. Means + SEM of four to six experiments
are shown.

was mostly present on membrane ruffles that did not always
present in the optical Z-section that was recorded before
stimulation. A good index of translocation was often only
the decrease in the cytosolic fluorescence (Figure 8B). These
results suggest that the amount of activated Ras in the
membrane of normal NIH 3T3 cells is relatively small (com-
pared, for example, with the amounts of 3-phosphorylated
inositides, which is easier to detect with a similar approach;
Varnai et al., 1999).
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As shown in Figure 1, full-length Raf-1-GFP showed
only weak membrane localization even in Ras-trans-
formed NIH 3T3 cells, indicating limited exposure of its
Ras-binding sequences. This is in good agreement with
the complex regulation of Raf-1 through multiple mecha-
nisms that probably affects the conformation and access of
its interactive domains. Several manipulations were
tested for their ability to increase the interaction of full-
length Raf-1 with the membrane in Ras-NIH 3T3 cells
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Figure 6. Mutations either within the RBD or CRD eliminate
binding of Raf(51-220)GFP to Ras in the plasma membrane. Key
residues within the RBD and CRD of Raf-1 known to affect its
interaction with Ras were mutated within Raf(51-220)GFP, and
the constructs were expressed in COS-7 or Ras-transformed NIH
3T3 cells. Both mutations (R89L and C168S) eliminate plasma
membrane localization of the fusion protein in Ras-transformed
NIH 3T3 cells (A) as well as its inhibitory effect on ERK2 activa-
tion in COS-7 cells (B).

(including addition of cell permeable ceramide deriva-
tives, exogenous phosphatidic acid, or stimulation with
various agonists). Among these, only stimulation with
phorbol esters or lysophosphatidic acid was found to
cause a slight enhancement in the membrane localization
of the full-length protein in some but not all of the cells
(our unpublished observations).
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Figure 7. Cellular distribution of Raf(51-131)GFP and Raf(51-
220)GFP in Ras-transformed NIH 3T3 cells (A) The dlstrlbutlon of
Raf(51-131)GFP (upper) and Raf(51-220)GFP (lower) in fixed Ras-
transformed NIH 3T3 cells immunostained with anti-Ras (red) an-
tibody. (B) Panel a shows a cell in which the surface of the cell was
imaged to demonstrate the high enrichment of the membrane asso-
ciated fluorescence in membrane ruffles. This distribution was es-
pecially prominent in cells stimulated with PDGF. Panel b shows
that fluorescence is also associated with small vesicular structures in
the cytoplasm. These structures do not correspond to mitochondria
as assessed by simultaneous imaging of the MitoTracker dye (c) and
merging the two images (d).

GFP-Raf(51-220

DISCUSSION

The present study was designed to explore whether the
minimum protein sequence of the Raf-1 protein kinase that
is responsible for the recruitment of Raf-1 by active Ras to
the plasma membrane can be used to detect Ras activation in
living cells. Contrary to our expectations, our data indicate
that the RBD alone is not sufficient to support a stable
interaction with Ras in living cells in spite of its known
ability to recognize active Ras in vitro. The present data
show that the addition of the CRD to the RBD is necessary to
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Figure 8. Cellular distribution of GFP-Raf(51-131) and Raf(51-
220)GFP in COS-7 cells expressing RasV12 (A) and the effect of
PDGEF stimulation on the distribution of Raf(51-220)GFP in normal
NIH 3T3 fibroblasts (B). COS-7 cells were cotransfected with RasV12
and the respective GFP fusion construct, and normal NIH cells were
transfected with Raf(51-220)GFP for 24 h. Live cells were examined
under a confocal microscope. NIH 3T3 cells were serum-deprived
(control) for 6 h before stimulation with PDGF (50 ng/ml, 2.5 min).
Note the decrease in cytoplasmic intensity and the increased local-
ization of the protein in membrane ruffles in B.

obtain a functional probe for the detection of Ras in live cells.
Mutation of critical single residues within either the RBD or
CRD were found to prevent membrane localization of the
GEFP fusion protein in Ras-transformed NIH 3T3 cells, indi-
cating that both motifs are equally important for membrane
recruitment. Expression of the GFP-RBD was able to exert a
moderate inhibition of ERK2 activation in COS-7 cells when
expression of RasV12 was used as a “stimulus,” indicating
that even this probe can interact with RasV12 to some extent.
However, when endogenous Ras was activated by more
physiological means (such as by PMA or EGF stimulation),
only the constructs that also contained the CRD and showed
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membrane localization were found to inhibit MEK1 and
ERK2 activation. These results suggest that the additional
interaction provided by the CRD is required for the RBD to
remain bound to active Ras and form a more stable complex
in the plasma membrane. This additional binding can be
achieved by alternative means as demonstrated elegantly in
a recent report where a fusion protein was created by linking
the RBD of Raf-1 to Ras and placing the construct between
the cyan and yellow fluorescent proteins (Mochizuki et al.,
2001). When targeting this construct to membranes by a
CAAX motif, binding of RBD to Ras upon Ras activation has
been demonstrated by detecting an increase in fluorescence
energy transfer caused by the proximation of the two flu-
orophores. Those data clearly demonstrated that once teth-
ered to Ras and targeted to membranes, the RBD alone is
clearly able to interact with activated Ras without the need
for the additional stabilizing force added by the CRD.

The requirement for the CRD for effective Raf-Ras inter-
action is consistent with the known importance of this do-
main for Raf-1 activation, especially in the case of lipid-
modified, membrane-bound Ras (Hu ef al., 1995b; Luo et al.,
1997; Williams et al., 2000). That only lipid-modified Ras is
recognized by the Raf(51-200)GFP construct is also sup-
ported by the finding that Ras was recognized only in the
plasma membrane even in COS-7 cells expressing RasV12
that are known to have significant amounts of Ras in their
internal membranes (Choy et al., 1999). This restriction is
very likely be added by the CRD. The similarity between the
solution structures of the CRD (Mott et al., 1996) and other
proteins that interact with membrane lipids, such as the
CRD of protein kinase C8 (Zhang et al., 1995), Rabphillin 3A
(Ostermeyer and Briinger, 1999), or the FYVE domains
(Misra and Hurley, 1999), raises the possibility that the CRD
may also confer lipid regulation to Ras-Raf interaction. Sev-
eral lines of evidence suggest that lipids play an important
role in Raf-1 activation, phosphatidylserine (McPherson et
al., 1999), ceramide (Huwiler et al., 1996), and the product of
phosphatidylcholine-specific phospholipase C (Cai et al,,
1993) having been implicated. However, the exact nature of
the elusive lipid regulator has yet to be uncovered. Interest-
ingly, the CRD domain of Raf-1 is also a site where By-
subunits of heterotrimeric G-proteins can interact with the
protein (Pumiglia et al., 1995), a feature shared by the pleck-
strin homology domains of BARK (Koch ef al., 1993), and the
Bruton’s tyrosine kinase (Tsukada et al., 1994), both of which
are sites for regulation by inositol phospholipids. Recently,
the importance of localization to glycolipid-rich membrane
microdomains that contain caveolin, cholesterol, and inosi-
tol phospholipids have been shown for H-Ras but not for
K-Ras activation of Raf-1 (Roy et al., 1999). It is possible that
the CRD contributes to sequestering H-Ras into those mem-
brane domains, although the lipid modification of Ras itself
is certainly more important in this regard (Rizzo et al., 2001).

The saturation of the Raf(51-220)GFP binding sites on the
membrane already at moderate expression levels even in
Ras-transformed NIH 3T3 cells indicates that active Ras is
present in relatively low concentrations and only a small
signal can be detected in normal NIH 3T3 cells after stimu-
lation with either PMA or PDGF. This is in agreement with
a recent report that found that Ras-Raf-1 interaction is not
able to move bulk amounts of Raf-1-GFP to the plasma
membrane of Rat-1 fibroblasts (Rizzo ef al., 2000). However,
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our data clearly demonstrate the functional importance of
these quantitatively small, yet functionally relevant interac-
tions in Ras-mediated Raf-1 activation. It is important to
note that all of the important regulatory phosphorylation
sites of Raf-1 (Morrison and Cutler, 1997) are outside of the
region used to create the GFP fusion proteins (Figure 1A).
Accordingly, no electrophoretic mobility shift was observed
with any of the constructs (other than Raf-1-GFP) after stim-
ulation with PMA (T. Bondeva and T. Balla, unpublished
observations). Therefore, it is not likely that the translocation
responses seen after stimulation result from modifications of
the GFP fusion protein.

The membrane localization of GFP-tagged full-length
Raf-1 was significantly weaker than that of Raf(51-220)GFP,
even in Ras-transformed fibroblasts. Because Raf-1-GFP was
found to interact strongly with RasV12 and to activate MEK1
or ERK2, it appears functionally intact even with the C-
terminal GFP tag attached. The fact that the best localization
was seen with constructs that were also found inhibitory
raises the possibility that an active mechanism is present in
the full-length Raf-1 molecule (but not in the truncated
constructs) that ensures its release from Ras, making it avail-
able for another activation cycle. This way the steady-state
amount of Raf-1-GFP at the membrane may not have to be
high and change noticeably even during more active cycling
during stimulation. On the other hand, the availability of the
Ras-binding motifs within the Raf-1 molecule is also likely to
be regulated and could be just as important in limiting the
amounts of active Raf in the membrane as the amount of
RasGTP itself. In a recent study, phosphorylation of residue
Ser259 of Raf-1 was shown to inhibit the interaction of Raf-1
with Ras in NIH 3T3 cells (Dhillon et al., 2002). Given the
numerous proteins known to interact with Raf-1 and partic-
ipate in its activation (e.g., Morrison and Cutler, 1997), active
Ras is probably only one of several factors that determine
the membrane recruitment of Raf-1. Such multiplicity of
interaction of Raf-1 with Ras and the plasma membrane
could account for the ability of full-length Raf-1 to interact
with Ras in the membrane even when two critical cysteines
(C165S and C168S) are mutated within the CRD (Roy et al.,
1997). Recently, phosphatidic acid, through interaction with
a sequence motif close to the catalytic site, was found to be
more important than the Ras-binding motif for the regula-
tion of membrane recruitment and internalization of Raf-1 in
insulin-stimulated Rat-1 and HIRcB fibroblasts (Rizzo ef al.,
1999, 2000). No internalization of Raf-1 or any of the GFP-
fused fragments was observed in the present study with any
of the stimuli tested, including insulin, in the NIH 3T3.
Whether this reflects cell type-specific regulation remains to
be determined.

In summary, we created fluorescent fusion proteins from
the RBD and CRD of Raf-1 and GFP for the detection of
activated Ras in live cells. These probes recognized active
Ras only in the plasma membrane of Ras-transformed NIH
3T3 cells and showed stimulus-induced recruitment to the
membrane after stimulation of nontransformed NIH 3T3
cells with PDGF or PMA. Overexpression of the fusion
proteins inhibited MEK1 and ERK2 activation, consistent
with their binding to activated Ras. These novel research
tools should facilitate our understanding of the spatial and
temporal aspects of Ras-Raf signaling with the possibility of
following these signaling events in single living cells.
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